Time series analysis of spaceborne synthetic aperture radar (SAR) data, GPS measurements, and fi eld observations reveal that the central section of the Izmit (Turkey) fault that slipped with a supershear rupture velocity in the A.D. 1999, M w 7.4, Izmit earthquake began creeping aseismically following the earthquake. Rapid initial postseismic afterslip decayed logarithmically with time and appears to have reached a steady rate comparable to the preearthquake full fault-crossing rate, suggesting that it may continue for decades and possibly until late in the earthquake cycle. If confi rmed by future monitoring, these observations identify postseismic afterslip as a mechanism for initiating creep behavior along strike-slip faults. Long-term afterslip and/or creep has signifi cant implications for earthquake cycle models, recurrence intervals of large earthquakes, and accordingly, seismic hazard estimation along mature strike-slip faults, in particular for Istanbul which is believed to lie adjacent to a seismic gap along the North Anatolian fault in the Sea of Marmara.
INTRODUCTION
Understanding the behavior of active faults in response to tectonic stresses is a critical issue in earthquake physics and seismic hazard assessments (Carpenter et al., 2011) . While most active faults are unstable and move abruptly, releasing in seconds to a few minutes the strain accumulated around them for decades to centuries, some faults slip continuously, storing little or no strain and are therefore considered to be unlikely to produce signifi cant earthquakes as long as this behavior persists (Bürgmann et al., 2000) . Although aseismic fault creep was fi rst reported over half a century ago along some major plate boundary faults, including the San Andreas fault in California (United States) and the North Anatolian fault in Turkey, the origin and physical processes of fault creep remain subjects of debate (Schleicher et al., 2010) . Two primary, complementary, and competing mechanisms have been proposed to explain the mechanics of aseismic fault creep: (1) the presence of weak mineral phases such as clay and phyllosilicates in the bulk composition of fault zones (Carpenter et al., 2011) or the formation of highly localized, phyllosilicate-rich interconnected networks of shear planes or foliations (Collettini et al., 2009 ) via chemical and mechanical processes, and/ or (2) trapped fl uid overpressures within fault zones (Byerlee, 1990) . Although recent observations (Lockner et al., 2011) support the idea that aseismic creep is controlled by the presence of weak rocks in the fault zone rather than by high fl uid pressures, analysis of rock samples from active (Holdsworth et al., 2011) and exhumed (Warr and Cox, 2001 ) fault zones suggests that transient fl uid overpressures do occur in many fault zones and are most likely generated during coseismic faulting due to shear heating, low permeability, high water content, and low strength of clay-rich shear zones.
Whether due to mineralogy and/or fl uid pressure affects, how or when stable aseismic surface creep initiates on active faults remains uncertain. The fact that creeping segments of the North Anatolian fault at Ismetpasa and the San Andreas fault in the San Francisco Bay area also rupture coseismically suggests to us that fault creep may be initiated as postseismic afterslip (Çakir et al., 2005; Schmidt et al., 2005) , a mechanism that could not be confi rmed previously due to the lack of pre-and post-earthquake observations on these fault sections. In this study we use space geodetic data and recent fi eld observations along the A.D. 1999 Izmit earthquake rupture (Fig. 1 ) to demonstrate continuing afterslip that appears to grade into steady-state creep on a >60-km-long segment of the Izmit coseismic fault, supporting seismic slip as one of the possible mechanisms for initiating steadystate creep on mature strike-slip faults.
THE 1999 IZMIT EARTHQUAKE
The M w 7.4 Izmit earthquake on 17 August 1999 occurred on the North Anatolian fault, with a supershear rupture velocity (Bouchon et al., 2001 ) along its central segment, causing the loss of more than 18,000 people and heavy destruction in the eastern Marmara region of Turkey (Barka et al., 2002) (Fig. 1) . The event was not completely unexpected because westward-migrating earthquakes that broke an ~1000-km-long section of the North Anatolian fault between 1939 and 1967 had already occurred near Izmit (e.g., Stein et al., 1997) . Another large and destructive earthquake is expected to occur in the near future (with a probability of >50% over the next 30 yr) further west along the North Anatolian fault under the Sea of Marmara, 20 km south of Istanbul (Parsons, 2004) . Earlier studies of postseismic deformation of Izmit using GPS and interferometric synthetic aperture radar (InSAR) measurements interpreted the surface deformation within the fi rst few months following the event as due primarily to afterslip on and below the Izmit rupture (Bürgmann et al., 2002; Çakir et al., 2003 Çakir et al., , Ergintav et al., 2009 . Later postseismic deformation has been attributed to viscoelastic relaxation of the lower crust and/or upper mantle Wang et al., 2009 on December 1, 2012 geology.gsapubs.org Downloaded from
PRE-AND POST-EARTHQUAKE SURFACE DEFORMATION
Using the persistent scatterer InSAR (PSI) technique, we generated time series and mean radar line-of-sight (LOS) velocity maps of the surface movements in the Izmit region during ~10 yr before and after the earthquake from SAR images generated by the European Space Agency's ERS and ENVISAT satellites. We used SAR images on a descending track of ERS (track 64) and two overlapping and neighboring ascending tracks of ENVISAT (tracks 157 and 386) to investigate the pre-and post-seismic deformation fi elds, respectively (Fig. 1) . Multitemporal InSAR techniques such as PSI are required when studying subtle and slow deformation along active faults because they allow a reduction in the effects of noise and signal decorrelation due to atmospheric changes, digital elevation model (DEM) errors, and orbital inaccuracies by fi ltering in time and space, and selecting only the most coherent pixels for analysis. We processed the SAR data using the software package StaMPS with the SRTM-3 DEM for the removal of the topographic phase contribution (Hooper, 2008) . We removed orbital residuals using the best-fi tting plane parameters estimated by StaMPS. The detailed processing procedure can be found in Hooper (2008) . Postseismic GPS data for the period between A.D. 2002 and 2011 were processed with the GAMIT/GLOBK GPS software (Herring et al., 2010) .
The mean LOS velocity fi eld from 22 SAR images on track 157, and 14 SAR images on track 386 ( Surface creep along the supershear section of the fault is evident in the postseismic radar LOS velocity fi eld on both tracks, and can be seen as a sharp change in colors from blue to red across the fault in Figures 3A and 3B . The absence of such sharp or abrupt changes across the fault in the preseismic LOS velocity fi eld deduced from 24 ERS SAR images acquired on track 64 between 1992 and 1999 indicates that the fault was not creeping, and was therefore locked up to the surface before the 1999 Izmit earthquake (Fig. 3C) . The LOS velocity fi eld on track 386 shows that surface creep is restricted to the supershear segment because there is no velocity contrast across the Karadere segment, although some aseismic slip on the Karadere segment may occur at seismogenic depths (Peng and Ben-Zion, 2006) . In addition, the SAR data provide no information on possible creep along the submarine fault segment to the west in the Gulf of Izmit.
Profi les of pre-and post-seismic InSAR and GPS fault-parallel velocities plotted in Figure 4 , together with surface velocities predicted by elastic screw dislocation models for creeping and non-creeping faults, better illustrate the change in fault behavior after the earthquake; postseismic surface or near-surface creep along the fault is manifested by steps at the fault in the otherwise nearly fl at velocity profi les (Fig. 4A) . The absence of steps in the pre-earthquake velocity profi les attests to the absence of shallow fault creep prior to the 1999 earthquake. The pattern and height of steps along the postearthquake profi les are controlled by the locking depth and rate of aseismic creep, respectively; the steeper the step, the shallower the locking depth, and the higher the step, the higher the creep rate. Thus, while vertical jumps in profi les indicate creep reaching to the surface (i.e., zero upper locking depth), gradual rises show deeper locking depths.
MODELING
We modeled the fault-parallel InSAR velocity profi les using screw dislocations on two infinitely long and vertical faults stacked vertically in an elastic half space (Savage and Burford, 1973) : one fault representing the steady-state interseismic creep below 12 km (to infi nity) at a fi xed rate of 27 mm/yr (Reilinger et al., 2006) , and the other fault representing the shallow creeping section above. Four parameters are estimated from the profi les: creep rate, depths to the top and bottom of the creeping segment of the upper fault, and a shift in the reference point for velocity. To estimate these parameters, we use a modifi ed bootstrap procedure with a least squares optimization algorithm with an upper bound of 27 mm/yr for the creep rate and 12 km for the depth to the bottom of the creeping section. Bootstrap standard errors and 95% confidence limits are estimated from the 500-parameter estimates. Despite some discrepancies, independent parameter estimates from the two sets of SAR data are generally broadly consistent (Figs. 5C and 5D ). The creep rate increases eastward from 5 to 10 mm/yr near Izmit to the pre-earthquake, cross-fault rate of 27 ± 2 mm/ yr near Lake Sapanca, diminishing to zero at the eastern end of Izmit-Akyazi segment (Fig. 5C ). Although creeping depth (i.e., depth to the bottom of the creeping section of the upper fault) increases eastward from 4-5 km to 10-12 km ( Fig. 5D) , deep creep (>12 km) south of Adapazari is likely due to the non-tectonic LOS signal in the city observed in all InSAR data (Fig. 3) .
DISCUSSION
Except for the fi rst 10 km of the fault east of Izmit, aseismic creep does not appear to reach the surface although it is very shallow (mostly <1 km) (Figs. 4A [profi le 1] and 5D ). This may result from distributed creep and/or anelastic deformation within the less-consolidated and more-fractured surface materials, which would broaden the zone of deformation around the fault and thus mimic the effects of a fault locked at a superfi cial depth. In this case, the observations we present are consistent with creeping up to the surface at rates reaching the pre-earthquake cross-fault rate of 27 ± 2 mm/yr along the full ~60 km length of the Izmit-Akyazi supershear rupture segment.
The occurrence of shallow fault creep fi nds support from displacements along the fault monitored since the early 1990s using a nearfi eld small-aperture GPS network west of Lake Sapanca (Fig. 5A) . The slip history of the fault is illustrated in Figure 5E using the fault-parallel component of baseline change between two GPS points located ~3 km from, and on either side of, the fault which is projected on to the LOS for comparison with the InSAR time series. The GPS and InSAR measurements are in good agreement and show that rapid postseismic afterslip started immediately after the earthquake following the coseismic offset of ~3 m between the two GPS points (Barka et al., 2002) . As expected, afterslip decays logarithmically with time and appears to have reached a steady-state stage over the last decade or so, indicating that fault creep continues at present and may continue for decades and possibly until late in the earthquake cycle (i.e., ~200-300 yr). To the extent that this proves to be the case, postseismic afterslip has evolved into fault creep with time.
Fault creep reaching the surface along the Hayward (San Andreas fault) and Ismetpasa (North Anatolian fault) fault segments may have been induced in a similar way; postseismic afterslip may have evolved into long-term fault creep following the large earthquakes in A.D. 1868 (Schmidt et al., 2005) and 1944 (Çakir et al., 2005) , respectively. Surface creep may have been driven initially by coseismic stress changes as postseismic afterslip, but the absence of a clear correlation between the distribution of coseismic surface slip and creep rate (Figs. 5B and 5C) suggests it is now driven by another mechanism, possibly the deep relaxation processes inferred by Hearn et al. (2009) . Trapped pore-fl uid overpressures in the fault zone induced by the supershear rupture propagation may also be an important mechanism for initiating fault creep behavior. Continuation of surface creep to date, however, requires unusually slow dissipation of overpressures and/or the presence of weak minerals in the fault zone. The pattern of postseismic GPS and LOS velocities shown in Figure 4B and elastic modeling suggest that a signifi cant amount of elastic strain has been released along the central section of the Izmit fault during the last decade, retarding stress accumulation on the fault as a whole and causing stress concentrations on locked portions of the fault, particularly at its tips. Accordingly, models of stress transfer need to include the additional changes in stress caused by aseismic fault creep that can promote or retard failure on adjacent faults. This is particularly important for the seismic gap segment of the North Anatolian fault in the Sea of Marmara south and west of Istanbul that is expected to be hit by a destructive earthquake within a couple of decades (Parsons, 2004) .
CONCLUSIONS
We investigated pre-and post-earthquake surface deformation along the North Anatolian fault in the 1999 Izmit earthquake region using space geodesy and fi eld observations. We show that shallow sections of the supershear segment of the 1999 Izmit rupture began to creep aseismically after the earthquake, initially at a rapid rate that graded into a steady-state rate comparable to its long-term, pre-earthquake slip rate. This suggests that surface creep along major strike-slip faults may be initiated as postseismic afterslip following a large earthquake. Although fault creep appears to correlate spatially with the supershear segment of the Izmit coseismic fault, a causal relationship has not been established. Further monitoring of fault movements using the GPS network in Sapanca and a recently established GPS network near Izmit will help clarify the longer-term creep behavior of this segment of the North Anatolian fault, the role of postseismic afterslip in initiating subsequent fault creep, and how these mechanisms impact estimates of stress transfer and earthquake recurrence times.
